In order to determine whether the glucose-alanine cycle regulates rates of hepatic mitochondrial oxidation in humans, we applied positional isotopomer NMR tracer analysis (PINTA) to assess rates of hepatic mitochondrial oxidation and pyruvate carboxylase flux in healthy volunteers following both an overnight (12 hours) and a 60-hour fast. Following the 60-hour fast, rates of endogenous glucose production and mitochondrial oxidation decreased, whereas rates of hepatic pyruvate carboxylase flux remained unchanged. These reductions were associated with reduced rates of alanine turnover, assessed by [3-13 C]alanine, in a subgroup of participants under similar fasting conditions. In order to determine whether this reduction in alanine turnover was responsible for the reduced rates of hepatic mitochondrial oxidation, we infused unlabeled alanine into another subgroup of 60-hour fasted subjects to increase rates of alanine turnover, similar to what was measured after a 12-hour fast, and found that this perturbation increased rates of hepatic mitochondrial oxidation. Taken together, these studies demonstrate that 60 hours of starvation induce marked reductions in rates of hepatic mitochondrial oxidation, which in turn can be attributed to reduced rates of glucose-alanine cycling, and reveal a heretofore undescribed role for glucose-alanine in the regulation of hepatic mitochondrial oxidation in humans.
Introduction
The glucose-alanine cycle represents a critical link between carbohydrate and amino acid metabolism and comprises a series of reactions in which pyruvate, derived mostly from intramyocellular glycolysis, is transaminated with ammonia, derived from muscle protein catabolism, to form l-alanine (1, 2) . Alanine is subsequently transported to the liver, where the amino group is transferred to α-ketoglutarate by alanine transaminase to form glutamate and pyruvate. The amino group, which was transferred from alanine to glutamate, is subsequently converted to urea, and the newly generated pyruvate is converted to glucose. Besides transferring potentially toxic ammonia, derived from muscle protein catabolism, to the liver for conversion to urea, this cycle also transfers energy from the liver to the muscle by the generation of 2 moles of ATP for every mole of glucose that is glycolyzed and recycles 3-carbon units back to the liver for conversion to glucose. However, it is unknown whether the glucose-alanine cycle participates in other critical functions of hepatic metabolism during prolonged (60 hours) starvation.
We have recently demonstrated a critical role for decreased glucose-alanine cycling, due to hepatic glycogen depletion, in promoting marked reductions in rates of hepatic mitochondrial oxidative metabolism in awake rats during prolonged (48 hours) starvation (3) .
Furthermore, we found that reduced rates of hepatic mitochondrial oxidation during prolonged starvation could be attributed to a 40% reduction in rates of glucose-alanine cycling. However, whether alterations in the rates of glucose-alanine cycles have similar effects in the regulation of hepatic mitochondrial oxidation in humans during starvation is not known.
In order to determine whether starvation promotes reduced rates of hepatic mitochondrial oxidation (rate of citrate synthase flux [V CS ]) in humans, we applied positional isotopomer NMR tracer analysis (PINTA) to assess rates of hepatic V CS and pyruvate carboxylase flux (V PC ) as well as the hepatic mitochondrial redox state by measuring the ratio of plasma concentrations of β-hydroxybutyrate to acetoacetate ([β-OHB]/[AcAc]) (4-7) in healthy volunteers following a 12-hour overnight fast and again following a 60-hour fast (8) . In order to determine whether alanine turnover is reduced during starvation, we assessed rates of [3-13 C]alanine turnover in another subgroup of individuals under the same 12-hour and 60-hour fasted conditions. Finally, in order to determine whether decreased rates of alanine turnover during starvation play a causal role in promoting decreased rates of hepatic mitochondrial oxidation, we infused alanine in a subgroup of 60-hour fasted subjects to approximately match rates of alanine turnover in 12-hour fasted subjects and reassessed rates of hepatic V PC and V CS flux by PINTA under these conditions.
Results and Discussion
Sixty hours of starvation promoted an approximately 25% reduction in plasma glucose and insulin concentrations, compared with the overnight (12 hours) fast (Table 1) , which could be attributed to similar reductions in the rates of endogenous glucose production (Figure 1A) . As expected, these changes were associated with marked
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Regulation of hepatic mitochondrial oxidation by glucose-alanine cycling during starvation in humans ma leptin and thyroid-stimulating hormone (TSH) concentrations, but were independent of changes in plasma T 3 concentrations or changes in whole body energy expenditure (Table 1) .
In order to determine whether 60 hours of starvation altered rates of glucose-alanine cycling, we next measured endogenous rates of alanine turnover in a similar group of young, lean individuals following 12 hours and 60 hours of fasting assessed by [3-13 C] alanine turnover. Rates of alanine turnover in plasma following a 12-hour fast were approximately 425 μmol/min ( Figure 1F ), which is in good agreement with rates of alanine turnover previously measured in overnight-fasted humans using similar methodology (10) . Following 60 hours of fasting, rates of alanine turnover decreased by approximately 30% ( Figure 1F ) despite no significant alterations in plasma alanine concentrations (Table 1 ). This starvation-induced reduction in rates of whole body alanine turnover is consistent with the observed 75% reduction in net alanine release across the forearm that occurs in humans during prolonged starvation (1) . Previous studies in awake rats found that reduced rates of glucose-alanine cycling following 48 hours of starvation were associated with reduced rates of net hepatic glycogenolysis, resulting in decreased rates of hepatic glucose production and reductions of plasma glucose concentrations from approximately 6 mM to approximately 5 mM. The major role of hepatic glycogenolysis and concomitant reductions in plasma glucose concentrations in regulating glucose-alanine cycling during starvation was then demonstrated by using a glycogen phosphorylase inhibitor, which inhibited net hepatic glycogenolysis in glycogen-replete 8-hour fasted rats and decreased rates of glucose-alanine cycling to rates observed in hepatic glycogen-depleted 48-hour fasted rats despite unchanged rates in hepatic V PC (3). Consistent with these rodent studies, we found that 60 hours of fasting resulted in marked reductions in rates of glucose-alanine cycling in humans independently of any changes in hepatic V PC flux, suggesting that these reductions in glucose-alanine cycling reflect reductions in hepatic glycogen content and corresponding reductions in rates of net hepatic glycogenolysis, as previously observed (9) .
In order to determine whether this 30% reduction in alanine turnover might be playing a causal role in promoting the marked reduction in rates of hepatic mitochondrial oxidation observed following a 60-hour fast, we infused l-alanine in a subgroup of 60-hour fasted individuals to increase rates of alanine turnover to approximately match rates observed in 12-hour fasted subjects and then repeated the PINTA measurements of hepatic pyruvate carboxylase flux, hepatic V PC /V CS , and rates of hepatic mitochondrial oxidation. The l-alanine infusion promoted an approximately 30% increase in rates of endogenous glucose production (V EGP ) (Figure 2A ), which could be attributed to an approximately 30% increase in rates of hepatic pyruvate carboxylase flux (V PC ) ( Figure  2B ). These results demonstrate that hepatic pyruvate carboxylase flux is substrate limited after 60 hours of starvation, despite being activated by increased hepatic acetyl-CoA content, which would be predicted by the 12-fold increase in rates of β-OHB turnover (11) and increased plasma glucagon concentrations (Table 1) (12) . This increase in hepatic V PC flux was associated with an approximately 20% reduction in the V PC /V CS ratio ( Figure 2C ) and could entirely be attributed to an approximately 70% increase in rates of hepatic mitochondrial oxidation (V CS ) ( Figure 2D ). Taken together, these studies demonstrate that decreased glucose-alanine cycling is rate controlling in the regulation of hepatic pyruvate carboxylase flux after 60 hours of fasting in humans. Furthermore, they demonstrate that reductions in glucose-alanine cycling during starvation promote reduced rates of hepatic mitochondrial oxidation and reveal a heretofore undescribed role for the glucose-alanine cycle in the regulation of hepatic mitochondrial oxidation in humans. Future studies will be necessary to determine whether alterations in the hepatic mitochondrial redox state and/or other factors are responsible for mediating this skeletal muscle-liver crosstalk. In addition, given recent studies demonstrating a critical threshold for hypoleptinemia to stimulate the hypothalamic-pituitary-adrenocortical axis in both rodents (3) and humans during more prolonged (10 days) starvation (14) , which has been shown to modulate white adipocyte lipolysis, hepatic gluconeogenesis (3), and hunger (15) in rodents, it will be of interest to determine the impact of hypoleptinemia and hypercortisolemia on these same parameters in humans.
Methods
Subjects and study procedures. Twenty healthy, lean, nonsmoking men without history of liver disease, with normal liver function tests, and consuming no more than one alcoholic drink per day were recruited and studied after prescreening with an oral glucose tolerance test (OGTT) to ensure normal glucose tolerance. The PINTA studies were performed in 15 subjects after 12-hour and 60-hour fasts and in 9 of these subjects, who repeated the 60-hour fast with alanine supplementation, as described below.
During the 60-hour fasting period, subjects were instructed to drink plenty of regular water and were contacted daily to ensure compliance, well-being, and to address any issues. Compliance was verified by the fasting blood glucose and ketone concentrations upon admission. All subjects enrolled completed the studies.
We next wanted to understand the potential mechanism by which alterations in glucose-alanine cycling might regulate hepatic mitochondrial oxidation in humans during 60 hours of starvation. Alterations in plasma T 3 , T 4 , and glucagon concentrations could potentially increase rates of hepatic mitochondrial oxidation, but the increase in hepatic V CS with alanine infusion occurred independently of any changes in these hormones ( Table 2) . It is also possible that alanine-induced increases in hepatic V PC flux could have, at least in part, contributed to the observed increase in rates of hepatic mitochondrial oxidation (V CS ) during the alanine infusion, by promoting hepatic mitochondrial anaplerosis. However, this does not appear to be a major contributing factor to this process, given that hepatic V PC did not decrease substantially during the 60-hour fast, despite marked reductions in rates of hepatic mitochondrial oxidation. This finding is in contrast to our study in rodents (3), in which 48-hour starvation led to marked reductions in both hepatic V PC flux and glucose-alanine cycling. These species differences can most likely be attributed to the much higher rates of metabolism in rats, in which 48 hours of fasting leads to virtually total depletion of whole-body fat stores, severe hypoleptinemia (<1 ng/mL), and hypercorticosteronemia in contrast to the still relatively ample fat stores in 60-hour fasted lean humans. We also assessed hepatic redox potential, as reflected by the ratio of the plasma concentrations of β-OHB to AcAc, and found that the hepatic redox index increased approximately 3.4-fold during 60 hours of starvation and decreased significantly during the alanine infusion ( Figure 2E ). Increased hepatic redox states have been shown to decrease rates of hepatic mitochondrial oxidation in vitro (4, 5, 13) , and it is possible that an increase in the hepatic redox potential during 60 hours of starvation contributed to the reduced rates of hepatic mitochondrial oxidation and that the alanine infusion promoted an increase in rates of hepatic V CS by reducing the hepatic redox state. Plasma glucose and lactate concentrations were measured using a Yellow Springs STAT 2700 Analyzer (Yellow Springs Instruments). Plasma β-OHB concentrations were measured by COBAS (Roche Diagnostics). Plasma NEFA was measured using a Wako reagent (Wako Diagnostics). Plasma alanine concentrations were measured by GC-MS: samples were spiked with a 2 H-alanine internal standard and prepared for GC-MS using the protocols described above, with the ratio of labeled to unlabeled substrate compared with a standard curve to measure absolute concentrations. Plasma amino acid concentrations (glycine, alanine, serine, leucine, isoleucine, aspartate+asparagine, phenylalanine, and glu-tamate+glutamine) and β-OHB enrichments were measured by GC-MS after spiking with 2 H or 13 C internal standards and derivatization using the protocol described for alanine and as previously described for β-OHB (11). Plasma immunoreactive insulin, C-peptide, glucagon, leptin, TSH, T 3 , and T 4 concentrations were measured with double-antibody radioimmunoassay techniques using commercially available kits (Linco).
After admission at 7:30 am to the Yale Hospital Research Unit (HRU), one intravenous line was inserted into an antecubital vein for infusions and another was inserted retrogradely into a hand vein for blood collections. The hand was warmed in a "hot-box" to "arterialize" the blood, baseline blood samples were collected, and a 3-hour triple-tracer PINTA infusion was started. This consisted of [ 2 H 7 ]-d-glucose (d 7 -glucose, 134 mmol/L), given as a 5-minute prime of 1.1 mmol/m 2 followed by a constant rate of 11.2 μmol/(m 2 -min), [3-13 C]-Na-l-lactate (900 mmol/L), and 13 C 4 -Na-β-OHB ( 13 C 4 -β-OHB, 15.4 mmol/L), given at constant rates of 4.3 μmol/(kg-min) and 3.2 μmol/(m 2 -min), respectively.
In the 60-hour fast-alanine supplementation PINTA studies, an infusion of unlabeled l-alanine (alanine) was added to the triple-tracer infusion at a constant rate of 5 μmol/(kg-min) to increase rates of alanine turnover so that they were similar to what was observed after a 12-hour fast.
In order to determine the amount of l-alanine required for supplementation during the 60-hour fast, rates of [3-13 C]-Na-l-alanine turnover were measured in a separate group (n = 5) of subjects after a 12-hour and a 60-hour fast with a 3-hour infusion of [3-13 C]-Na-l-alanine ([3-13 C]-alanine) at a constant rate of 0.29 μmol/(kg-min).
In all studies, arterialized blood samples were collected every 10 minutes during the last 40 minutes for gas chromatography mass spectrometry (GC-MS) and hormone and metabolite analyses. In the PINTA studies, a 30 mL sample was collected at 180 minutes for 13 C MRS analyses of positional glucose enrichments using 13 C MRS (Bruker Avance III HD, 500 UltraShield NMR Spectrometer, Top-Spin 3.2, Bruker) in combination with GC-MS and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analyses as previously described (8) . Energy expenditure was measured using indirect calorimetry during the final 30 minutes of each study (Deltratrack Metabolic Monitor, Sensormedics). Statistics. Statistical analyses were performed with StatPlus software. Statistical comparisons between parameters measured during the 12-hour and 60-hour fast and between the 60-hour fast and 60-hour fast plus alanine supplementation were performed using a paired 2-tailed Student's t test, and a P value of less than 0.05 was considered statistically significant. Percentage changes are calculated from the mean values of the groups. All data are expressed as mean ± SEM.
Study approval. The Yale Institutional Review Board (Yale University Human Investigation Committee) approved all protocols, and written, informed consent was obtained from each participant after explanation of the purpose, nature, and potential complications of the study. The study was registered at ClinicalTrials.gov (NCT02193295).
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